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ABSTRACT

Samples of 15 rocks with porosity ranging from nearly
zero to 40 per cent were deformed in uniaxial strain to
stresses which reached 31 kb. The principal stress ratio
and the volumetric strain were recorded for comparison with
experiments done statically elsewhere and with results from
shock loading.

The stress-strain relations of low porosity rocks such
as Westerly granite are nearly identical with those reported
for shock loading. For material with porosity greater than
about 2 per cent, parmanent compaction occurred at the stresses
imposed here. Compaction was apparently time-dependent, for
nearly twice as much compaction was observed in our static
experiments as in shock loading. Macroscopic faulting was
not observed.

For rocks of low porosity the stress-strain relation in
uniaxial strain loading is closely predictable from compressi-
bility, suggesting that behavior of these rocks was elastic,
or, at least, recoverable even to high stress levels. How-
ever, Poisson's ratio given by the stress ratio in uniaxial
loading exceeds that directly measured statically by an

appreciable amount, particularly for calcite marble.
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INTRODUCTION

In a state of uniaxial strain, two of the principal
strains are zero. Strain is usually assumed to be uniaxial
in material loaded by a plane shock wave; this type of load-

ing is achieved in impact experiments [Jones and Froula,

1969), and approximately in underground nuclear explosions
[Butkovich, 1965]. The unique strain direction is perpen-
dicular to the rlock front. In tectonically inactive regions
of the Earth's crust where, for example, vertical compaction
in flat-lying rocks is taking place, strain may also be
uniaxial IEEESE' 1955].

The mechanical behavior of rock loaded in uniaxial
strain is poorly understood. Few experimental studies are
available. How, for example, do rocks fail in uniaxial
strain, and is behavior prior to failure elastic in the
sense that it is predictable from independent measurement
of elastic properties? What is the role of porosity? One
might suspect that xocks of high porosity will respond to
this type of loading quite differently from those of low
porosity, particularly when stresses are compressive.
Finally, what is the role of strain rate? Does rock under
uniaxial strain behave the same at very high strain rates

(shock loading) as it does at low strain rates (geologic




loading)? The present study was designed to throw light on
questions such as these. The experiments are termed "static"
to emphasize the contrast in loading rate with experiments
with uniaxial shock loading.

Previous Work

Serata [1961] investigated rock-salt, limestone, and
dolomite under conditions approxinnting uniaxial strain.
Cylindrical sawples were comprnssed axially while being
restrained laterally by thick-wailed steel cylinders. The
lateral strains were not zero in his experiments, nht were
quite small. Serata reportedlyieldinq in his naterials,
particularly in the rock-salt. Unfortunatoly,hthe materials
ne used have little application to the probl.nlat hand, and
theres is some question as to tho exact conditions of strain
in his experiments. Hendron [1963] _gggg [19661 tested
a variety of sands at quite low prosouros using a triaxial
configuration in which lateral dofo:-ation of latarial was
-onito:ed. COnfining prescu:o uns vuriod so as to naintain
zero lateral strain. Brown ct al [1967] and s-ith ot al
[1969] studied the behavior of everal :ock- (qunitn, tuff,
diabase, rhyolitc, and concret.) in uniaxial otrain. using
nondron 8 tochnique. Th.y were capabl. of applyinq axial
stress to 5 kb and confining prooouxo to 2 kb. Tho oalplo



used was a very short cylinder. They reported a number of
interesting characteristics of the elastic behavior of their
materials, including maxima in the moduli at around a kilobar
stress. No failure of their rocks was reported. The sign-
ificance of puorosity were not particularly clear, although

they observed some densification of their more porous materials.
Swanson [1970) loaded Westerly granite, Cedar City tonalite

and a quartzitic sandastone (the Nugget sandstone of this study)
in uniaxial strain as well as along other laoding paths. His
main objsctive was development of constitutive relations for
rocks, although he investigated several of the questions

posed above. He reported, for example, that volume contraction
during unjaxial strain of Westerly granite was closely pre-
dictable from compressibility. He found no evidence of failure
in the granite fcr stress as high as 11 kb. His téchnique of
loading and strain measurement were nearly identical to that
used here, although he was limited to confining pressure of
about 6 kb. Loadin§ rate was.sinilar to this study. No
microscopic observations were given.

A number of rocks have been subjected to shock loading in
oxdg:.to.dotormi?o an equation of state (see, for example,
McQueen et al R1§67l; Lombard [1961); Ahrens and Gregson [1964])
or.fracture or yield characteristics (for example, Petersen et al
[1970]); Ahrens und Rosenberg [1968); Giardini et al [1968]).
There have been few attempts to currelate shock resmlts with




those uniaxial laboratory experiments which we will term

1

static; strain rates in the former reach 10’sec” , in the

e 6sec™l. oOne noteworthy

latter they range from 10 ~ to 10~
study is that of Froula and Jones [1969) who studied Westerly
granite, Solenhofen limestone, Cedar City tonalite, and
Nevada Test Site tuff. Solenhofen limestone behaved linearly
up to crushing at a stress of 6 ku; the crushing observed at
higher stress was time-dependent. Westerly granite behaved
elastically to the maximum stress of 45 kb applied during
their experiment. Based on a reint.tprotqtion of the granite
data, Gregson, Isbell, and Green (1970) reported evidence of

yield in the granite at a stress of about 17 kb.

The Present Investigation

We follow in ol;onc. the procodufi of Brown.;f al.; aﬁd
Swanson, who used jackit.d cylindrical oaipio; of ééék Qith
strain gauges fixed to the surface to measure a*iai(ci) and
circumferential (c3) strains. Proslﬁrp and axial stress w;r.
applied to the sample and varied 1ddopond.nt1y in such a wvay
that the lateral strain €4 was maintained at sero. The fQo
stresses, 0, and o,, were oboorved'durinq loading as well as
the single strain €10 which equals volume change. Compression
here is a positive stress; volumetric compaction is a negative
strain. '




A suite of rocks from our previous studies was chosen
particularly for the problems at hand. Porosity ranged from
40 per cent to nearly zero; composition covered typical
igneous rocks, schist, tuff, and sandstone. As many rocks
as possible were included from previous shock studies.

We report here the stress-strain relations for these
materials under uniaxial loading to stresses which reached
about 30 kb, a limit set by our ability to generate a con-
fining pressure and, therefore, a radial stress of 10 kb.
For approximately half the suite of rocks, strains were
nearly recoverahle ir our experiments, and for these com-
pressibility was determined to 10 kb. This served two purposes;
it provided a sensitive test of cracking by comparison of
initial compressibiiity before and after loading, and it
enabled us to compare volumetric strains in uniaxial and
hydrostatic situations, as in the work of Swanson [1969].
Also for these rocks, static Poissons ratio was measured
as a function <€ pressure. This provided a comparison with
the value obtained from the relation between oy and O3 during
uniaxial loading.

July macroscopic observations are given here. Micro-
scopic investigation of the material is still in progress

and will be reported later.




THE ROCKS STUDIED

Total porosity and modal analysis of the rocks studied
are listed in Table 1. Most of the rocks have been investi-
gated before in our studies of elastic and electrical proper-
ties as indicated. The Cedar City tonalite was supplied by
S. Blouin of Kirtland Air Force Base. It is from the same

general area as material used by Jones and Froula, [1969],

Green and Perkins [1969], and Swanson, [(1970]. A detailed

petrographic description is given in Green and Perkiﬁs, [1969].
Our specimens of Westorly gr;nite and Solenhofen limastbne

are from different blocks as those of Swanson and ggggglégg
Froula. The Na;ajo sandstone is from an unknown location.

The Nugget sandstone (quartzitic sandstone of 8wanuon)como§
from Parleys Canyon, Salt Lake County, Utah. The schist w;s
supplied by Dr. Larry Schindler, OCE, from an undisclosed

site. The Barre granito is from material currently being
quarried at Barre, Vermont. Porosify was determined Sy )

immersion [Brace, Orange, and Madden, 1965], and for the

y

new materials here has an uncertainty of 0.002.
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EXPERIMENTAL PROCEDURE

Jacket The function of the jacket was twofold, to exclude
the hydrostatic pressure medium from the rock sample, and to
provide a smooth continuous surface for mounting strain gauges.
Inasmuch as circumferential strains were to be maintained
equal to zero during the oxporiﬁ.nts, strain in the jacket
would also be negligible, so that strength of jacket did not
have to be oconsidered. Seamless tubing 1.85 cm ID and 0.033
cm wall thickness of annealed copper was'\uoda spun caps of
copper were soft soldered to the tubing.

Saxple preparstion Precisely ground riqhg cimlu"
cylinders were prepared from rock cores. Dianﬁur was 1.85 om,
length 3.8 cm. At this stage porosity was detexrminad. Then,
the rocks of low porosity were jacketed as described above.
The porous materials (porosity greater than a few psroent) were
given special treatment prior to jacketing.

Previous work had shown that porous rocks suchf a3 the
tonalite or the Indiana limestone cannot be jacketed and
gauged in the usual manner. Under high pressure the jacket is
foroed into surface pores; failure of the jacket often occurs.
Bven without this, the apparent strain reported by the gauges
is often very different from the true strain in the interior
of the rock. To prevent collapse of jacket and gauges into
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surface pores, a filled epoxy was applied to the surface of
the rock prior to jacketing. Various epoxies were used.
The filler was metal powder so chosen that the elastic proper-
ties of the cured epoxy approaches that of the rock forming
minerals. In a previous unpublished study ~f the tonalite,
this procedure prevented surface pore collapse under pressure;
strains recorded from measurements at the curve of samples
treated in this manner agreed with those measured externally.

Before strain gauges were mounted, the jacketed samples
were subjected to several hundred bars confining pressure.
This seated the jackets firmly against the surface of the
samples and also revealed jacket leaks. If dimples and other
depressions appeared at this stage in the jacketed surface,
they were filled with solder and smoothed with a hand grinder.

Strain measurement Strain gauges were BLH epoxy-backed
foil types (PAE-50-1286 or FAE-100-1286) cemented with EPY-150
cement cured according to manufacturers specification, using
the additional precautions outlined in Brace [1965]. They
were mounted axially and circumferentially on the samples.

The effect of pressure on strain gauges was taken into
accoung following Brace [1964]. The pressure effect for the
present gauges was +0.60 x 10~/ bar l. The apparent strain

in the axial direction, €0 Was corrected for the pressure

effect in the usual way; tha corrected quantity is given in
Table 2.
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The circumferential strain was to be mgintain‘d equal
to zero. Because of the pressure effect on the giﬁge,iﬁhis
required that the gauge indicate an apparent strain ixictly
equal to the pressure effect. The experiments were so con-
ducted that this condition was satisfied.’ :

Loading procedure The gauged samples were priiourised

(medium was petroleum ether) and loaded in a large screw-
driven press. Pressure was generated externally, and recorded
together with total axial force exerted by the press and the
two strains as described above. Procedure was somewhat
different for 1o# and high porosity rocks. Por Ehc'lattor,
application of pressure or axial cBhpruéiisn qtﬁorai1§ caused
permanent compressive strain, whereas for the former, strainé
were typically recoverable. For the low séfglféiriocki dniy,
compressibility was determined before aad ttt.r ‘antaxial
strain loading., Xs noted abov., the puxposo wai to detect
possible 'cracking during uniaxial strain loading. A proolure
of about 1 kb was applied for two or three cyclol. o
During an actual oxporin.nt, proocsdure was as follows.
The sample was placod 'ifiside the prossuro ‘veisel and leads
wer'e connected to the strain gagg‘u.7 The ‘motor &rlviﬁ screw
was then advarced at a rié;‘édui;iicﬁt“€6 a strain of about’
10™5 sec™!. A continiious record to'axial foros vs cénfining

T o 5 o, i3 v Tensg gy oo

B ek
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pressure was made, as well as a record of pressure vs both
strains. As soon as the axial piston contacted the sample,
load began to increase; pressure was then manually raised

so as to maintain the circumferential strain equal to zero.
As the piston advanced, continuous plots were made until

the fluid pressure reached 10 kb, which was the limit of our
pumping system. Axial load and then pressure were dropped,
and in the case of the low porosity samples, compressibility
to 1 kb remeasured. For the high porosity rocks, final
external dimensions were measured with a micrometer.

Axial load was measured with an external force cell which
had been calibrated against a proving ring. Accuracy of force
measurement was about 1 percent. A correction for O-ring
friction at the pressure vessel seals was applied to the
measured force during data reduction.

- Pressure was measured by a manganin coil which also,
through a b;idgo, provided an electrical signal suitable for
recording. Accuracy was about 0.5 percent.

Strains were accurate to no better than 1l percent, the
uncertainty in the gauge factor. The condition of no circum-
ferential strain could be maintained to about 125 x 1075,
It is not known how strain gauge characteristics change for

s e o A



strains as large as those recorded for the more porous samplées
(up to 17 percent). Considerable uncertainty, perhaps as - -
high as 5 or 10 percent, must be attached to the values of -
€ given below which exceed a few peroent.

The data are collected in Table 2 for the fifteen rocks.
Duplicate samples of Westerly granite were run to test repro-~
ducibility so that two sets of data appear for th'atvonm in
Table 2.

Compressibility Measurement of lifiear strain as a

function of hydrostatic pressure was carried out for the low
porosity rocks for two reasons. Pizst; ificresse fn crack
porosity during uniaxial strain léading oould be éstimited
using the proosdure outlined in Brace [19‘5!"&_ Second; 'change
in volume as a-fancticsi-of Pressure could be-compired with
volume changes during uniaxial-loading.: In Tsble 2 ¢he - ="
nonrecoverable strain, or new cradk porosity, remaining after
one cycle of uniaxial strain loading is given a# ,-“;u ‘THEE
is given for the calcite rocks (marble and lidsstones) éWefi-
though it was likely that plastic flow:-has oc@urred; this is
known [Paterson, 1963] to cause aiiamalous length :changés upon
release of pressure that may have nothing to 'do with cfaeks.
Volume oompressions to’ 20 Xb for the low poreosity rodks-
are listed in Table 3. Volumetric compressions have been
assumed to be three times the measured linear ooiprouiom

L SRS
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. in the axial direction. Where the rock is relatively iso-
tropic this will be close to the actual volume compression;
where the fock is anisotropic, it will not be, but it is
probably the most appropriate quantity to compare with €,

- from the uniakiallstrain experiment.

Static Poisson's ratio Samples of certain oi the low

~ porosity rocks were set up just as for the uniaxial strain
experiment. An axial load of several kilobars was applied
at a numbérlof differogt confining pressures starting at
about 1 kb. Both ax;al and circumferential strains were
observed and their ratio measured. This enabled Poisson's
ratio to bi d.f;fminod as a function of pressure to 10 kb.

' The values, listed in Table 4, have an uncertainty of about
10‘porcontr Data from two different samples of Westerly

granite ars given.
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DISCUSSION

Reproducibility Results for Westerly granite are
plotted in Figure 1 as o,vs 0, and o, ¥8 €,. The two
samples studies here were vitually identical in the 0,-04
plot (see also Table 2) and very close to that of Swanson
[1969] whouervaluos are also shown in Figure 1. In the
o, - € plot, our two samples differed by about two per-
cent and were within a fdw percent of the Swanson values.
Data from two different shock ciperin.ntl are also given
in Pigure 1 for conéarilon with our static values. The
differences, which are seen to be small, are discussed
below. One of the shock studies was done on the so-called
Bradtord qranit. [Grine, 1970] which is said to come from
a gquarry adjacont to that of Westerly granite.

Agrc.l.nt ‘for the tonalite (Figure 2) is seen to be
less latiltactory than for Westerly granite. Our 0y ~ 03
values dittor from tho-. of Swanson by about 5 percent;
our €, values are about twice as high.

Agrcia.nt in gy = 04 for granite and tonalite is
probably as good’al’can be expected for two different
laboritékiél, pgrtiéularly when the samples are not taken
from the same block of rock. The agreement in the 0, - ¢
for w.ltoriy is al-o‘quit- satisfactory. The very poor

T Bt et st ol o 1A .t
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agreement in the 0, - € values for the tonalite may be
due to differences in the samples or simply to experimental
errors. Clearly, this requires further study.

Recoverable behavior Recovery as opposed to yield

is defined in terms of np. A sample is laid to recover

if, after an excursion in uniaxial strain loading, n, is
less than about 0.5 x 10”4, Much smaller strains than
this can be detected when lﬁrain gauges are used in more
conventional applications, but in view of th; large strains
imposed here this is quite a satisfactory limit.

"p (Table 2) is small and typically pocitivc (dnno#ing
a permanent increase in volume) for all the rockl through
Nugget sandstone; £or tho more porous rockl naking up the

balance of the Table, n rango- up to -13.1 porc‘nt.

Bohavior of tho firlt g:oup, which rocovtrod; il(a;lcuslod
here; that of the looond, in which pornanont volun.tric
compaction took place, is considorcd below.

The small positive .train- .hovn by nany of tho rockn
may oe a manifestation of the offoct firlt notod by Patorlon
(1963) and, noro recently ltudiod in dotail by ldlund [1969].
They notod that a wide varicty of ductilo rockl (linoltone,
marble, soapsiune, polycryltallino alkali halidol and talc,

and serpentinites) incroasod in voluln,porlnnontly during
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the release of pressure following triaxial deformation to
large permanent axial strains. The volume increase was
particularly marked for the calcite rocks. It is of interest
that in our study marble and Oak Hall limestone increased
in volume 50 to 60 x 10~%. 7This might imply, according to
Paterson, that some plastic deformation of these materials
took place during uniaxial strain. A small increase in
volume for schist, felsite and both granites was also
noted (Table 2), although plastic flow of these materials
in our experiments seems unlikely.

The volumetric strain, el,ﬂor all of our rocks are

compared as a function of o, in Figure 3. The curves for

|
the rocks which recovered are seen to be very nearly linear.

With the exception of Pottsville and Nugget sandstones, all

of the others are strongly curved. The marked linearity

and small permanent strains of the low porosity rocks

suggests that the recoverable behavior is largely elastic,

and as such cught to be predictable from, say, compressibility.
It can be readily shown that if behavior of an isotropic
material during a uniaxial strain is purely elastic, then

3/:1 should eqgual /6, whereJd is the mean stress, (0,+0,+04) /3,
and P and 6 are pressure and volumetric strain respectively.

In Figure 4, ¢ and €, from uniaxial strain experiments




(Table 2) are compared with P and 6 from hydrostatic com-
pressions (Table 3). The agreement for the 6 rocks shown
is seen to be y0o0d, even for the marble and sachist, wh:lch
are somsvhat anisotropic. Even the initial curvature in
the P - 0 relation is followed rather closely, although this
is a reflection of crack closure and;, therefore, not an
intrinsic elastic characteristic. The curves for the two.
granites are asarly identical; they should be inasmuch as -
their mineralogy is similar (Table 1l).. Many of the other
similarities and differences in these curves are reasonable
in terrs of compressibility of the minerals making up the
rocks.

Based on the above ws oonclude that the strxess-strain -
behavior of the rocks with porosity up ‘to about 2 percent
during oniaxial strain is elastic, in the sensé that it
is predictable from compressibility. With more porous
rocks volumetric compaction is superimposed on elastic
behavior:’ - " |

poiason's ratio An independent tsst of elastic be-
havior is givefi by Poisson's ratio, v, obtained, on the
one hand, by direct measurement a#' a function of confinjng
pressuré- and, on the other, from the elastic relation ”
presumed b hold during uniaxfal strain, naﬂly,' that -




0y = va,/(1-v) (1)
Comparison is made in Figures 5 and 6. The squares are
cbtained by applying (1) to the data given in Table 2.
The circles give v by direct measurement, from Table 4.
The triangles for Westerly granite and diabase give addi-
tional direct measurements we have made on other samples
in unpublished studies. In the plot for Westerly granite,
results for two samples are given; the single set of
crosses reflects the nearly identical stresses in both
experiments.

In every case except the diabase, v for uniaxial strain
is lignifiéantly.largcr than v from Airect measurement.
Values for the diabase should be remeasured. For the others,
differences are too large to be explained either by experi-
menta’ error (note the differences in two samples for
Westerly) or by anisotropy (above a few kb pressure elastic
anisotropy of all but marble is very small). It is uncertain
whether one should plot uniaxial % against 0, Or against
g4 as has been done here. For fhe former, agreement is
improved for the two granites and the gabbro; for the marble,
the two values of v still differ markedly.

Based on v it would appear that, in contradiction to

our previous conclusion, behavior of these rocks, although
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recoverable, may not be purely elastic. Perhaps plastic
flow of calcite, in the case of the marble, or motion on
closed cracks for the silicate rocks is lignificant. Thnf
latter is known to influence apparent elastic behavior in
confined compression [Walsh, 1965] and may be significant
here. Por tho marble, microscopic obaofvatiohi are n;édod,
to establish if calcite has flowed plastically; if not,
then the effect may be due to sliding on cracks, coubined
perhaps with differences due to anisotropy.

Prom the differences shown in riquros 5 and 6,‘clearly
one must be cautiouz in the use of Poillon'l ratio in the
analysis of uniaxial strain. The o 1-03 r.lation is ofton
calculated for shock oxperin.nts throuqh (1) usinq lab-
oratory values of v conparablo thoso obtainod ltatically

‘hare (Table 4). Based on our OOIpltilon, an unco:tainty

in v of 10 to 25 per cent would not be unusual; this would
load to even la:g-r errors in the :atio 03/01.

| Pu:-nnont strain Appreciable po:lanont or n;nxocovorable
strain, np, was cbserved for all of the rocks havinq porosity
gr.ato: thna about 2 per oent. !his took the forn of an
appar.ntly homogeneous ono-di-.nsional colpaotion. lo £au1ts
or offsets ot any so:t were observed, although ouch foatur.s

may be r.vbalod undor th. -1croscopo
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The magnitude of the permanent strain, “p' correlates
fairly well with initial porosity (Figure 7). The 45° line
in this figure represents the maximum value of np. Potts-
ville sandstone and Beiford limestone are apparently quite

close to this limit; the others are within about 40 per
cent of complete compaction. It is interesting that the
degree of compaction does not improve with the rocks which
have the lowest strength, as might be expected. Probably
a great many factors affect the degree of compaétion at any
given pressure, including grain size, shape of the pores,
mineralogy, degree of alteration, and abundance and continu-
ity of cracks.

In Pigure 3 the shapes of the 0, - €, curves for the
high porosity rocks may be compared. The curves are of two
types, those initially concave upward (Pottsville sandstone
and tonalite) and those initially concave downward. This
differsnce is probaﬁly due to differences in crack porosity;
from electrical studies [Brace and Orange, 1968] rhyolite,
Bedford limestone and Solenhofen limestones have little or
no crack porosity, whereas Pottsville sandstone does.

~ The stress at which total compaction occurs can be
roughly estimated from Figure 3. The dotted lines give
curves which should be followed for the different rocks if

porosity were zero. The stress at which the measured curves
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intersect these dotted lines would be the stress at which
porosity reaches zero. For the two limestones, this stress
appears to be 15 to 20 kb. For the Navajo sandstone this
stress probably exceeds 30 kb. For the tonalite it may be
a great deal higher.

For the rocks such as Solenhofen limestone, the'lhapo
of the o, - €, curve suggests that behavior was elastic up
to the stress at which collapse of pores began. This can
be tested in a plot of G vs €, by comparilonwwith marble,
which also consists only of calcite. We showed above that
behavior of marble &t all stresses was predictable from its
compressibility (Figure 4). 1In Figure 8, o - €, plots of
marble and Solenhofen are compared, using data from Table 2.
It is seen that the initial linear part of the Solenhofen
curve is very nearly paralled with the curve for marble;
the initial part of the marble curve is not linear because
of crack closure in that material [Brace, 1965]. Thus, we
conclude that behavior of Solenhofen limestone is elastic
up to the stress at which permanent pore closure commences.

From the shape of the curves in Figure 3, tonalite,
rhyolite and Bedford limestone may also have been initially
elastic, but the stress at which pore closure began was

apparently very low; data were not recorded at very low



-29~

stresses, so that this cannot be definitely established.
Finally, it is also of interest that for the two high poro-
sity limestones, the stress at which pore collapse began seems
to correlate with the degree of compaction (compare Figs.

3 and 7), as might be anticipated.

Comparison of shock and static behavior Uniaxial strain
behavior in static and shock conditions can be compared for
Westerly granite (Figure 1), tonalite (Figure 2) and Solen-
hofen limestone (Figure 8). Apparently there is no difference
between static and shock conditions during, as we have termed
it, recoverable behavior, for the granite at all stresses,
and for the limestone, up to a mean stress of 5 kb. Beyond
that, however, the difference is striking. There is nearly
twice as much compaction of the tonalite and limestone under
static as under shock loading. Compaction requires some
small scale cracking so that this difference could be ex-
plained [Jones and Froula, 1969) if the cracking were time

dependent. Fracture of brittle geologic materials is some-
what time dependent (see for example, Scholz, 1968); com-

pressive strength of rocks decreases the order of 10 per cent

3

per 10° decrease in strain rate [Brace and Martin, 1968].

The difference between the static and shock stress to pro-
duce a given strain, € is seen from Figure 2 and 8 to be
about 30 per cent. This is roughly consistent with the
difference in strain rates of about a factor of 1011



Fracture and yield. Camplete discussion of. fracture and

yield in our materials must await microscopic examination of
thin section. However, several cbservations can be noted
here.

As discussed above, there was no macroscopic faulting
or visible offsets in any of our samples after deformation.
The large permanent strains in the porous rocks, of cougsa;'
require small scale fracture or flow. In the low pqrqqity
rocks, such as Westerly granite, permanent strains were
noqliqiblo,.and on that basis we suspect that even small
scale fracture or yield of these rocks is also negligible.
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FIGURE CAPTIONS

Uniaxial strain bohavior of Wont.rly granite. The
open circles and triangles are: mtic onpoﬂunta,
the closed squares for shock loading. Grinc 8

data pertain to Brad!ord granite.

Uniaxial strain behavior for Cedar City tonalite.
Symbols as in Figure 1. |

Stress-volumetric lt:ain. Curves are idontifiod
by the abbreviated rock name. - The lutll"nunben
on some of the curves is porosity in per cent.

The dotted lines are explained in text.

Comparison of uniaxial strain with hydrostatic
compression for low porosity rocks. The curves
are shifted vertically for clarity. The curves
give pressure, P, vs volunotfic strain 0 for hy-
drostatic compression. The circles give ¢ vs €
for uniaxial strain loading.

Comparison of Poisson's ratio for uniaxial strain
loading with the value measured directliy. Squares
are uniaxial strain oonditions, and circles and

triangles are by direct measurement. Data for two

samples of granite are shown.




Figure 6.

Figure 7.

Figure 8.

FIGURE CAPTIONS (con't)

Comparison of Poisson's ratio for uniaxial strain
loading with the value measured directly. 8quares
are uniaxial strain conditions, and circles are

by direct measurement.

Comparison of permanent volumetric compaction with
initial porosity for high porosity rocks. Rock
names are abbreviated. Size of boxes ind.cates

uncertainty.

Mean stress vs strain for marble and Solenhofen
limestone. The static Solenhofen data are from

this study, the shock data from Jones and Froula,

[1969].
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Uniaxial stiain behavior of Westerly granite.



- 37 -

T | LI M
™
B ¢ ¢
- [ =] 80—
» 4 -
" ol @&
£ 3 @
- u a
° « 8

ot
-]
°.
¢

n-

",t' ié i; Qo o

o 0 | n
' qy ‘o
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Stress-volumetric strain.
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el W adE B W ol & b oV

e £

DOCUMENT Ce DL DATA-R& D

rSeswsity slaseilicstion of titfe, ot pe — =t b0 enitered whon By overs : sipepiiind

1. ORIGINA TING ACTIVITY REPORTY SEEVUMTY ASSIPIC A TION
Massachusetts Institute of Technology UNCLASSIFTED
Division of Sponsored Research o eneus 1
3 REP e

"Static uniaxial strain behavior of 15 rocks to 30 kb"

4 OROCMIP TIVE NOTES (Type of rapart and inshmive detoe)

"0 VORI (Pheet name, aldlie Wilsl, ool aade)
W.F. Brace

ESSRT BT :Fm'fovniu O, OF REFS

NQvembe 1 70
DASA 01-69-C-0122
S PRGIRCTY NS ARPA Order 862

. Program Code 9F10 Wm

‘ DASA 2561

5. DISTRIGUTION STAY L) g

Approved for public release. Distribution unlimited.

PP L SMe! AY NOTES MILITARY ACTIVITY

Advanced Research Projects Agency
Washington, D.C. 20301

Samples of 15 rocks with porosity ranging from nearly zero to 40
percent were deformed in uniaxial strain to stresses which reached 31 kb
The principal stress ratio and the volumetric strain were recorded for
comparison with experiments done statically elsewhere and with results
from shock loading.

The stress-strain relations of low porosity rocks such as
Westerly granite are nearly identical with those reported for shock
loading. For material with porosity greater than about 2 percent,
permanent compaction occurred at the stresses imposed here. Compaction
was apparently time-dependent, for nearly twice as much compaction was
observed in our static experiments as in shock loading. Macroscopic
faulting was not observed.

For rocks of low porosity the stress-strain relation in uniaxial
strain loading is closely predictable from compressibility, suggesting
that behavior of these rocks was elastic, or, at least, recoverable even
to high stress levels. ( However, Poisson's ratio given by the stress
ratio in unaxial loadi exceeds that directly measured statically by an
appreciable amount, pargicularly for calcite marble.

DD .">V.1473 UNCLASSIFIED

~ e aenantre. “""“"‘iﬂi-’a&é‘,&h‘?'s da e




REY PONOS

LINK A

LiNx @

LiNg €

/Kol &

wy

AoLE

wr

AoLE

LAJ

Uniaxial strain, 30 kilobars,
porosity effects, rocks

"_____—.J.____‘

*

'loeu-uy Classification



